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ABSTRACT 

V a r i a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  of t h e  

t o p s i d e  ionosphe re  ( i n c l u d i n g  t h e  h e i g h t  of t h e  Fa peak) ob- 

t a i n e d  from A l o u e t t e  I d u r i n g  t h e  g r e a t  magnet ic  s t o r m  of 

17-18 A p r i l  1965 are analyzed.  Both ,  enhancement and d e p l e t i o n  

of t o p s i d e  i o n i z a t i o n  are observed depending on t h e  phase of 

t h e  magnet ic  storm. S p e c i f i c a l l y ,  enhancement is a s s o c i a t e d  

w i t h  t h e  p o s i t i v e  phase and t h e  asymmetric p a r t  of t h e  main 

phase ,  w h i l e  d e p l e t i o n  of t h e  t o p s i d e  ionosphe re  o c c u r s  d u r i n g  

t h e  symmet r i c  p a r t  of t h e  s torm main phase  o v e r  a l a t i t u d e  

r ange  co r re spond ing  t o  L v a l u e s  g r e a t e r  t h a n  3. A s s o c i a t e d  

w i t h  t h i s  d e p l e t i o n  is a r e d i s t r i b u t i o n  of i o n i z a t i o n  i n -  

d i c a t i n g  t h a t  t h e  t o p s i d e  ionosphere  d u r i n g  t h e  s y m m e t r i c  main 

phase c o n s i s t s  p r i m a r i l y  of 0 (wi th  H+ b e i n g  d e p l e t e d ) .  The + 

enhancement of t o p s i d e  i o n i z a t i o n  d u r i n g  t h e  p o s i t i v e  phase  

of t h e  storm a p p e a r s  t o  be  a s s o c i a t e d  w i t h  t h e  compression 

of t h e  dayt ime magnetosphere d u r i n g  t h a t  phase of t h e  storm. 

The d e p l e t i o n  seems t o  be  a s s o c i a t e d  w i t h  t h e  expans ion  of f i e l d  

t u b e s  due t o  t h e  p r e s e n c e  of t h e  h i g h  ene rgy-dens i ty  r i n g  c u r r e n t  

plasma as  observed  on s a t e l l i t e s  c a u s i n g  an  upward f l u x  from 

t h e  t o p s i d e  ionosphe re .  A s i m i l a r  upward f l u x  c o u l d  a l s o  a r i se  

from a s i n k  of t h e r m a l  plasma i n  t h e  magnetosphere due t o  t h e  

local  e n e r g i z a t i o n  of t h i s  plasma. 
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INTRODUCTION 

Magnetic s to rm e f f e c t s  on t h e  bo t toms ide  F r e g i o n  have  

been s t u d i e d  e x t e n s i v e l y ,  f i r s t  by u s i n g  f0F2 d a t a  and l a te r  

u s i n g  t h e  t r u e  h e i g h t - e l e c t r o n  d e n s i t y  d a t a  ( R i s h b e t h ,  1963;  

Obayashi ,  1964) .  The e f f e c t s  on t h e  t o p s i d e  i o n o s p h e r e ,  

however, remained unexplored  u n t i l  r e c e n t l y .  With t h e  

a v a i l a b i l i t y  of s a t e l l i t e  d a t a ,  it h a s  become p o s s i b l e  t o  

s t u d y  t h e  magnet ic  s to rm e f f e c t s  i n  t h e  t o p s i d e  ionosphe re  

a l so .  Enhancements i n  t h e  t o p s i d e  e l e c t r o n  d e n s i t y  a t  h i g h  

l a t i t u d e s  du r ing  p e r i o d s  of magnet ic  d i s t u r b a n c e s  have been 

r e p o r t e d  by S a y e r s  (1964) ,  Willmore and Henderson (1965) and 

Reddy e t  a1 (1957) .  Both i n c r e a s e s  and d e c r e a s e s  i n  t h e  

t o p s i d e  e l e c t r o n  d e n s i t y  have been r e p o r t e d  by King e t  a1 

(1967) .  According t o  t h e  l a t t e r ,  d e c r e a s e s  i n  t o p s i d e  

e l e c t r o n  d e n s i t y  d u r i n g  magnet ic  s t o r m s  u s u a l l y  a p p e a r  

where  t h e  magnet ic  d i p  is g r e a t e r  t h a n  s o m e  v a l u e  i n  t h e  

r ange  from 20° t o  60°. 

For  a b e t t e r  u n d e r s t a n d i n g  of t h e  storm e f f e c t s  on 

t h e  t o p s i d e  ionosphe re ,  it a p p e a r s  n e c e s s a r y  t o  s t u d y  t h e s e  

e f f e c t s  du r ing  d i f f e r e n t  phases  of a magne t i c  storm. W e  

have i n v e s t i g a t e d  t h e  t o p s i d e  i o n o s p h e r i c  b e h a v i o r  a t  

middle  and high l a t i t u d e s  d u r i n g  d i f f e r e n t  p h a s e s  o f  t h e  

g r e a t  magnetic storm of 17-19 A p r i l  1965 ( s e e ,  Meng and 

Akasofu,  1967) u s i n g  t h e  a v a i l a b l e  t o p s i d e  ionograms f r o m  

t h e  A l o u e t t e  I s a t e l l i t e ,  U s e  is a l so  made of  ground- 
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based  ionosonde foF2 d a t a  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  

During t h e  17-19 A p r i l  1965 s to rm,  magnet ic  f i e l d  measure- 

ments w i t h i n  t h e  magnetosphere w e r e  made on board t h e  

E x p l o r e r  XXVI s a t e l l i t e  ( C a h i l l ,  1966) .  T h e s e  measurements 

i n d i c a t e d  a s t o r m - t i m e  magnetospher ic  (2 < L 5 )  i n f l a t i o n  

c e n t e r e d  a t  L = 3 .5 ,  The  development of t h e  main phase a 

w a s  found t o  be  asymmetric and has  been i n t e r p r e t e d  a s  

caused  by t h e  r a p i d  growth of a l a r g e  body of cha rged  

p a r t i c l e s  ( a t  e n e r g i e s  E < 100 keV) i n  t h e  l a t e  a f t e r n o o n  

and evening  sectors. (Recent s a t e l l i t e  o b s e r v a t i o n s  by 

F r a n k ,  1967 show t h a t  t h e  r i n g  c u r r e n t  plasma c o n s i s t s  

p r i m a r i l y  of p r o t o n s ,  w i t h  a s m a l l  c o n t r i b u t i o n  of e l e c t r o n s ,  

b o t h  i n  t h e  energy r ange  200 e V  < E < 50 keV). The re- 

covery  phase  w a s  more symmet r i c  and w a s  a t t r i b u t e d  t o  t h e  

i n f l a t i o n  of t h e  i n n e r  magnetosphere by a b e l t  of cha rged  

p a r t i c l e s  c e n t e r e d  a t  L 3.5 i n  t h e  e q u a t i o n a l  p l a n e ,  re- 

p r e s e n t i n g  a r i n g  c u r r e n t .  The storm of 17-19 A p r i l  1965 

e x h i b i t e d  a main-phase d e c r e a s e  of - 1 5 0 ~  a t  l o w - l a t i t u d e  

ground s t a t i o n s  and a magnetospher ic  f i e l d  change AB/B 0 .5  

a t  L - 3 .5 ,  

I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  bot tom-and-topside data 

d u r i n g  t h e  storm of 17-19 A p r i l  1965 have been a n a l y z e d  

w i t h  a view of s t u d y i n g  t h e  s t o r m t i m e  behav io r  a t  L v a l u e s  

c o r r e s p o n d i n g  t o  t h e  p o s i t i o n  of s t o r m t i m e  magnetospher ic  

i n f l a t i o n ,  
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BEHAVIOR OF THE TOPSIDE IONOSPHERE DURING THE 17-19 APRIL 
1965 MAGNETIC STORM 

A .  Changes i n  maximum e l e c t r o n  d e n s i t y  NmF2 d u r i n g  t h e  

A s  t h e  e f f e c t s  of  magnet ic  s t o r m s  on NmF2 or foF2 storm. 

have been s t u d i e d  q u i t e  e x t e n s i v e l y ,  w e  f i r s t  p r e s e n t  an  

a n a l y s i s  of t h e  b e h a v i o r  of NmF2 d u r i n g  t h e  17-19 A p r i l  

1965 magnet ic  storm. 

For  t h e  s t u d y  of t h e  NmF2 behav io r  a t  middle  and h i g h  

l a t i t u d e s  du r ing  t h e  magnet ic  storm, w e  have used  foF2 

d a t a  o b t a i n e d  from ground-based ionosondes ,  co r re spond ing  

t o  t h e  fo l lowing  s t a t i o n s :  

L S t a t i o n  Geograph L a t  Geograph Long - 
White Sands 32.4 107OW 1.7 

Boulder  40.0 105OW 2 . 3  

F t .  Be lvo i r  38.7 77OW 2.6  

O t t a w a  45.4 76OW 3,6 

Kenora 49,9 97OW 1 . 2  

The pe rcen tage  d e p a r t u r e  of NmF2 on t h e  s t o r m  day 

18 A p r i l  1965) from t h a t  on p res to rm q u i e t  day (16 A p r i l  

1965) f o r  d i f f e r e n t  U n i v e r s a l  T i m e s  (U.T.) w a s  d e r i v e d  f o r  

t h e  above s t a t i o n s  and is shown as  a f u n c t i o n  of t h e  magne t i c  

s h e l l  parameter  L i n  F i g u r e  1. These d a t a  are r e p r e s e n t a t i v e  

of t h e  d e p a r t u r e  of NmF2 d u r i n g  t h e  main and recovery phases  

of t h e  storm from q u i e t - t i m e  NmF2 v a l u e s .  F i g .  1 shows 

t h a t  t h e  maximum d e p l e t i o n  of NmF2 o c c u r s  a t  L - 3 for  

1700 U.T, t o  2300 U.T.. I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  
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t h e  maximum i n f l a t i o n  of t h e  magnetosphere d u r i n g  t h e  storm 

o c c u r s  a t  L 3.5 ( C a h i l l ,  1966) ,  i . e .  a t  about  t h e  s a m e  

L v a l u e  as t h e  r e g i o n  of maximum d e p l e t i o n  of NmF2. 

Shown i n  F i g u r e  2 is t h e  pe rcen tage  change i n  NmF2 

d u r i n g  t h e  s to rm from pres torm q u i e t  d a y  (16 A p r i l  1965) 

a t  F t .  B e l v o i r  (L - 2 . 6 ) ,  as a f u n c t i o n  of U.T. a l o n g  w i t h  

t h e  magnetogram a t  Honolulu.  I t  can  be s e e n  from t h i s  

f i g u r e  t h a t  t h e  d e p l e t i o n  i n  NmF2 o c c u r s  s i m u l t a n e o u s l y  

w i t h  t h e  main phase  d e c r e a s e  i n  t h e  magnet ic  f i e l d  H.  How- 

e v e r ,  t h e  i o n o s p h e r i c  d e p l e t i o n  a p p e a r s  t o  l as t  th roughou t  

m o s t  of  t h e  recovery  phase of t h e  magnet ic  s to rm.  I t  may 

be  no ted  t h a t  Thomas and Venables (1966) r e p o r t e d  t h a t  t h e  

nature  of i o n o s p h e r i c  behavior  d u r i n g  magne t i c  s t o r m s  de- 

pends upon t h e  t i m e  of o n s e t  of t h e  s to rm main phase .  

B. A n a l y s i s  of t o p s i d e  ionosphere  data  from A l o u e t t e  I 

s a t e l l i t e .  Tops ide  ionograms from A l o u e t t e  I s a t e l l i t e  

a v a i l a b l e  a t  t i m e s  d u r i n g  t h e  magnet ic  storm w e r e  reduced  

t o  t r u e - h e i g h t - e l e c t r o n  d e n s i t y  p r o f i l e s  u s i n g  a p a r a b o l i c  

l a m i n a t i o n  t e c h n i q u e  (Jackson, 1967) .  A l s o ,  ionograms 

co r re spond ing  t o  some magne t i ca l ly  q u i e t  days  were reduced  

f o r  c o n t r o l  pu rposes .  The t o p s i d e  d a t a  t o  be p r e s e n t e d  h e r e  

co r re spond  t o  Longi tudes  near  t h e  75OW m e r i d i a n .  

F i g u r e  3 shows t h e  c o n s t a n t  a l t i t u d e  c o n t o u r s  of 

e l e c t r o n  d e n s i t y  f o r  t h r e e  p a s s e s  on 1 6 ,  17 and 18 A p r i l  

1965 p l o t t e d  a g a i n s t  L a t  600 Km. The approximate  local 

t i m e  of t h e s e  t h r e e  s a t e l l i t e  p a s s e s  is - 0900 h r s .  and t h e  
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u n i v e r s a l  t i m e  is  - 1600 h r s .  16  A p r i l  is c o n s i d e r e d  as 

a c o n t r o l  d a y ,  t h e  d a i l y  sum of K i n d i c e s  b e i n g  7 on t h a t  

day .  The storm sudden commencement (SSC) o c c u r r e d  a t  1313 

U.T. on 17 A p r i l  1965. Thus,  t h e  e l e c t r o n  d e n s i t y  c o n t o u r s  

on 17 A p r i l  shown i n  F i g u r e  3 co r re spond  t o  abou t  2 h o u r s  

a f t e r  t h e  sudden commencement of t h e  storm. From F i g u r e  3 

it can be  seen  t h a t  t h e r e  is an i n c r e a s e  i n  e l e c t r o n  d e n s i t y  

a t  400 km on 17 A p r i l  compared t o  t h a t  on t h e  c o n t r o l  d a y ,  

t h e  i n c r e a s e  b e i n g  smaller a t  h i g h e r  L v a l u e s .  A t  h e i g h t s  

g r e a t e r  than  400 km, t h e  increase i n  e l e c t r o n  d e n s i t y  is 

smaller throughout  t h e  L r ange  under  c o n s i d e r a t i o n ,  1.e. from 

L - 2.5 t o  7 . 5 .  I n  f a c t ,  there is no a p p r e c i a b l e  change 

a t  1000 km a l t i t u d e .  

P 

The e l e c t r o n  d e n s i t y  d a t a  from 18 A p r i l  shown i n  F i g .  

3 cor respond t o  about  1600 U.T. .  By t h i s  t i m e ,  t h e  storm 

main phase r i n g  c u r r e n t  h a s  a l r e a d y  become s y m m e t r i c  

( C a h i l l ,  1966) .  Comparing t h e  b e h a v i o r  on 18 A p r i l  w i t h  

t h a t  on t h e  c o n t r o l  day w e  n o t e  an i n c r e a s e  i n  e l e c t r o n  

d e n s i t y  a t  h ighe r  a l t i t u d e s ,  i . e . ,  from 600 km t o  1000 km; 

a t  400 km, f r o m  L=3 t o  5 ,  t h e r e  is v i r t u a l l y  no change.  

The v e r t i c a l  p r o f i l e s  of e l e c t r o n  d e n s i t y  on 16 and 

18 A p r i l  a t  1600 U . T .  (0900 U T )  a t  L=3.5 are shown i n  

F i g ,  4.  The h e i g h t  of t h e  maximum (hmF2) i n c r e a s e d  on 

18 A p r i l  compared t o  t h e  c o n t r o l  day by more t h a n  100 km. 

Though t h e  e lectron d e n s i t i e s  a t  400 km (-375 km g e o p o t e n t i a l  
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h e i g h t )  a re  abou t  e q u a l ,  NmF2 on 18 A p r i l  is much lower 

t h a n  t h a t  on 16  A p r i l  i n  agreement w i t h  t h e  bo t toms ide  

r e s u l t s  shown i n  F i g .  1. (Thus, s torm-t ime changes i n  NmF2 

may n o t  n e c e s s a r i l y  be r e p r e s e n t a t i v e  of changes a t  c o n s t a n t  

a l t i t u d e s . )  I t  c a n  b e  seen  from F i g .  4 t h a t  t h e  v e r t i c a l  

s l o p e  of e l e c t r o n  d e n s i t y  p r o f i l e  ( s c a l e  h e i g h t )  on 18 

A p r i l  remains almost c o n s t a n t ,  i n d i c a t i n g  no a p p r e c i a b l e  

change i n  i o n  compos i t ion ,  i . e .  O+ is t h e  dominant 

c o n s t i t u e n t  up t o  a t  least  1000 km b u t  a t  a h i g h e r  

t e m p e r a t u r e .  On t h e  o t h e r  hand, t h e  e l e c t r o n  d e n s i t y  

p r o f i l e  on 16  A p r i l  shows a change i n  scale h e i g h t  which 

c o u l d  be a t t r i b u t e d  t o  t h e  t r a n s i t i o n  from h e a v i e r  t o  

l i g h t e r  i o n i c  (0' t o  H+) c o n s t i t u e n t s .  

Data on 18 A p r i l  around 1200 U.T. (0900 LMT) were 

a l so  a v a i l a b l e  (no t  shown) and w e r e  compared w i t h  t h e  

c o n t r o l  day d a t a .  The behavior  of e l e c t r o n  d e n s i t y  a t  

t h i s  t i m e  (1200 U.T.) is about  t h e  same as t h a t  a t  1600 

U.T. on 18 A p r i l  d i s c u s s e d  above. 

I t  h a s  been shown by many worke r s ,  t h a t  t h e r e  is a 

marked l o c a l  t i m e  dependent  a s y m m e t r y  i n  t h e  s t o r m t i m e  

behav io r  of foF2. 

storm, foF2 shows a n  i n c r e a s e  i n  t h e  a f t e r n o o n  quadran t  and 

a d e c r e a s e  i n  t h e  morning quadrant  a t  h i g h  l a t i t u d e s  

(Obayashi ,  1964) .  A l s o ,  magnet ic  f i e l d  measurements i n  

t h e  magnetosph-e by C a h i l l  (1966) i n d i c a t e  t h a t  t h e  develop-  

During t h e  main phase of t h e  magnet ic  
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ment of t h e  magnetospher ic  r i n g  c u r r e n t  is asymmetric i n  

l o c a l  t i m e  and o n l y  a t  l a t e r  stages of t h e  main phase ,  t h e  

r i n g  c u r r e n t  becomes s y m m e t r i c .  For  t h e  17-19 A p r i l  

magnet ic  storm, it was i n f e r r e d  ( C a h i l l ,  1966) t h a t  t h e  

r i n g  c u r r e n t  w a s  a s y m m e t r i c  up  t o  abou t  1200 U.T. on 18 

A p r i l  1965. In  v i e w  of t h e s e  observed  loca l  t i m e  asymmetries, 

it is  of in te res t  t o  s tudy  t h e  t o p s i d e  i o n o s p h e r i c  b e h a v i o r  

i n  t h e  a f t e r n o o n  quadrant  d u r i n g  t h e  asymmetric p a r t  of 

t h e  main phase ,  i . e . ,  b e f o r e  1200 U.T. on 18 A p r i l  1965. 

For  t h i s  purpose,  t o p s i d e  ionograms from Woomera, A u s t r a l i a  

a v a i l a b l e  a t  - 1100 U.T. (- 2100 LMT) have been reduced t o  

t r u e  h e i g h t  e l e c t r o n  d e n s i t y  p r o f i l e s .  The r e s u l t i n g  c o n s t a n t  

a l t i t u d e  con tour s  of t h e  e l e c t r o n  d e n s i t y  for 18 A p r i l  

t o g e t h e r  with t h o s e  f o r  a c o n t r o l  d a y , ( l 4  A p r i l  1965) are  

shown i n  F igu re  5.  The coverage  of t h e  d a t a  on 18 A p r i l  

w a s  on ly  up t o  L = 3 . 2 .  

The t o p s i d e  e l e c t r o n  d e n s i t y  f o r  18 A p r i l  1965 a t  

1100 U.T. (- 2100 LMT) shows a l a r g e  increase a t  a l l  h e i g h t s  

above 400 km. A t  L < 3 t h e  i n c r e a s e  amounts t o  abou t  an  

o r d e r  of magnitude; a t  L - 3 . 2 ,  t h e  i n c r e a s e  c o r r e s p o n d s  t o  

a f a c t o r  of two. On 18 A p r i l  1965,  t h e  e l e c t r o n  d e n s i t y  

shows a s h a r p  t rough  a t  L = 2.2  which c o r r e s p o n d s  t o  t h e  

well-known h i g h  l a t i t u d e  t rough  (Muldrew, 1 9 6 5 ) ,  On t h e  

c o n t r o l  day t h e  p r e s e n c e  of t h e  t r o u g h  is a l s o  i n d i c a t e d  

a l though  t h e  e x a c t  p o s i t i o n  of t h e  t r o u g h  on t h i s  day c o u l d  

n o t  be d e f i n i t e l y  i d e n t i f i e d  because  of l a c k  of  da ta .  
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Vertical  e l e c t r o n  d e n s i t y  p r o f i l e s  are  shown i n  F i g u r e  

6 f o r  L -+ 3 a t  - 2100 LMT and - 1200 ZI,T.. These p r o f i l e s  

show no a p p r e c i a b l e  change i n  t h e  v e r t i c a l  s l o p e  of e l e c t r o n  

d e n s i t y  on 18 A p r i l  i n d i c a t i n g  t h a t  0' is t h e  dominant 

i o n i c  c o n s t i t u e n t  (bu t  a t  a h ighe r  t e m p e r a t u r e )  up t o  a t  

l eas t  1000 km. 

Constan t  a l t i t u d e  e l e c t r o n  d e n s i t y  c o n t o u r s  f o r  18 

A p r i l  ( co r re spond ing  t o  - 2200 U . T .  and - 1900 LMT) d u r i n g  

t h e  recovery phase  of t h e  s torm are  shown i n  F i g u r e  7 ,  

A l s o  shown i n  t h e  s a m e  f i g u r e  a re  da ta  f o r  25 A p r i l  cor respond-  

i n g  t o  t h e  same l o c a l  t i m e  as t h a t  for 18 A p r i l  and d a t a  

from 17  A p r i l  a t  - 2240 U.T. (1940 LMT). 25 A p r i l  is  used  

as  a c o n t r o l  day s i n c e  t h e  d a i l y  sum of p l a n e t a r y  magnet ic  

i n d i c e s  K is only  8 on t h a t  day .  The U.T. co r re spond ing  

t o  t h e  d a t a  on 25 A p r i l  is d i f f e r e n t  from t h e  U . T .  

cor re spond ing  t o  t h e  data  o n  17  and 18 A p r i l ,  However, it 

c a n  r easonab ly  be assumed t h a t  t h e r e  are no a p p r e c i a b l e  

changes i n  e l e c t r o n  d e n s i t y  r e l a t e d  t o  U.T. on 25 A p r i l  and 

t h u s  d a t a  on t h i s  day can  be c o n s i d e r e d  as  c o n t r o l  day d a t a  

f o r  comparison purposes .  F igu re  7 shows t h a t  t h e r e  is a 

large d e p l e t i o n  i n  t h e  e l e c t r o n  d e n s i t y  a t  a l l  a l t i t u d e s  

from L = 3 onwards t o  h ighe r  L v a l u e s  on 18 A p r i l  compared 

t o  t h e  c o n t r o l  day .  T h i s  o b s e r v a t i o n  c o r r e s p o n d s  t o  t h e  

recovery  phase of t h e  storm when t h e  r i n g  c u r r e n t  is symmet r i c .  

The r e a s o n  f o r  t h e  f a c t  t h a t  t h e  t o p s i d e  ionosphe re  shows  

P 
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t h e  maximum d e p l e t i o n  a t  L - 4.5 whereas t h e  NmF2 d a t a  

(F ig .  1 )  shows it a t  L - 3 ,  is due t o  a r e d i s t r i b u t i o n  of  

t h e  t o p s i d e  ionosphe re  compared t o  t h e  c o n t r o l  day r e s u l t i n g  

from t empera tu re  and mean i o n i c  mass changes  on 18 A p r i l ,  

t h e  s t o r m  day.  Tops ide  N-h p r o f i l e s  on 18 and 25 A p r i l  a t  

L = 3 and 4.8 are  shown i n  F i g u r e  8 which i n d i c a t e  t h i s  

behav io r .  

R e f e r r i n g  back a g a i n  t o  F i g u r e  7 i n  which e l e c t r o n  

d e n s i t y  behavior  on 17 A p r i l  (2100 U.T., 1900 LMT) are  a l so  

shown, it can be s e e n  t h a t  t h e r e  is a g e n e r a l  i n c r e a s e  i n  

t h e  d e n s i t y  on  17  A p r i l  compared t o  t h e  c o n t r o l  day .  T h i s  

o b s e r v a t i o n  c o r r e s p o n d s  t o  t h e  i n i t i a l  ( p o s i t i v e )  phase  of 

t h e  magnetic storm. Thus ,  it a p p e a r s  t h a t  t h e  i n c r e a s e  

i n  t o p s i d e  e l e c t r o n  d e n s i t y  observed  a t  2 h o u r s  a f te r  t h e  

SSC (Fig .  3) c o n t i n u e s  throughout  t h e  i n i t i a l  ( p o s i t i v e )  

phase  of t h e  magnet ic  s t o r m .  

Comparison of scale  h e i g h t s  a t  two a l t i t u d e s  i n  t h e  

t o p s i d e  ionosphere  (1.e. 500 lun and 800 lun) on 18 A p r i l  

(du r ing  t h e  r ecove ry  phase)  and on 25 A p r i l  h a s  been made 

t o  s tudy  t h e  r e d i s t r i b u t i o n  of i o n i z a t i o n .  W e  have p l o t t e d  

t h e  r a t i o  H ( a  c r u d e  measure of scale h e i g h t  g r a d i e n t )  8 0 OiH5 0 0 

and H500 are t h e  plasma scale 
800 a s  a f u n c t i o n  of L ,  where H 

h e i g h t s  H 

F i g .  9 shows t h i s  r a t io  f o r  17  A p r i l  (2240 U.T.) 18 A p r i l  

(2100 U-T . ) ,  and 25 A p r i l  (0100 U-T, ) .  I t  is e v i d e n t  t h a t  

t h e  scale h e i g h t  r a t i o  i s  lower on 18 A p r i l  compared t o  t h a t  

k(T, + Ti)/m+g a t  800 and 500 km r e s p e c t i v e l y .  
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on 25 A p r i l ,  i n d i c a t i n g  a h ighe r  mean i o n i c  inass on 18 

A p r i l  a t  800 km t h a n  on 25 A p r i l .  There  is no marked 

change i n  t h e  r a t i o  on 17 A p r i l  compared t o  t h a t  on 25 

A p r i l .  T h i s  i s  emphasized even more by t h e  f a c t  t h a t  t h e  

t e m p e r a t u r e  on t h e  s torm day is expec ted  t o  be h i g h e r  t h a n  

on non-storm days .  T h i s  r e s u l t  i n d i c a t e s  a d e p l e t i o n  of  

l i g h t e r  i o n i c  c o n s t i t u e n t s  on t h e  s to rm day a t  L > 3. 

Such a c o n c l u s i o n  w a s  a l s o  reached b y  Watt (1966) from 

h i s  s t u d y  of t h e  plasma scale  h e i g h t  i n  t h e  t o p s i d e  

ionosphe re  as a f u n c t i o n  of K . 
P 

DISCUSS I ON OF OB SERVAT I ONAL RESULTS 

Tops ide  sounder  o b s e r v a t i o n s  i n d i c a t e  t h a t  s i g n i f i c a n t  

i o n o s p h e r i c  changes ,  i . e . ,  both enhancement and d e p l e t i o n  

of i o n i z a t i o n ,  occu r  d u r i n g  d i f f e r e n t  phases  of t h e  magnet ic  

s t o r m  a t  L 2 3 ,  corresponding  t o  t h e  l o c a t i o n  of t h e  main 

and recovery  phase r i n g  c u r r e n t .  Such enhancements and 

d e p l e t i o n  d u r i n g  d i f f e r e n t  t i m e s  of  t h e  magnet ic  s t o r m  were 

a l s o  r e p o r t e d  by T i t h e r i d g e  and Andrews (1966) and by 

Hibberd and R o s s  (1967) from t o t a l  e l e c t r o n  c o n t e n t  measure- 

ments .  The behav io r  of t h e  t o p s i d e  ionosphe re  d u r i n g  

d i f f e r e n t  phases  of t h e  magnetic s to rm is summarized i n  

F i g u r e  1 0 ,  Shown i n  t h e  same f i g u r e  is a l s o  t h e  Honolulu 

magnetogram H trace t o  i l l u s t r a t e  t h e  d i f f e r e n t  phases  of 

t h e  magnet ic  storm of 17-19 A p r i l  1965. Fol lowing  t h e  sudden 

commencement and throughout  t h e  i n i t i a l  ( p o s i t i v e )  phase  
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of t h e  s torm,  t h e  i o n i z a t i o n  i n  t h e  t o p s i d e  ionosphe re  is 

enhanced a t  a l l  a l t i t u d e s  from t h e  h e i g h t  of t h e  maximum 

(hmF2) t o  1000 km f o r  3 < L < 7 .  T h i s  enhancement i n  

i o n i z a t i o n ,  may b e  due t o  t h e  compression of t h e  days ide  

magnetosphere d u r i n g  t h e  i n i t i a l  phase of t h e  s to rm which 

would l ead  t o  a downward t r a n s p o r t  of i o n i z a t i o n  a l o n g  

f i e l d  t u b e s .  T h i s  o v e r a l l  i n c r e a s e  i n  t h e  t o p s i d e  e l e c t r o n  
I 

I d e n s i t y  i s  n o t  l i k e l y  t o  be due t o  p o s s i b l e  h e a t i n g  effects 

a s  i n  t h a t  case t h e  N-h p r o f i l e  would b e  d i f f e r e n t  (Thomas, 

1966) .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  d u r i n g  t h e  i n i t i a l  

phase ,  t h e r e  a p p e a r s  t o  be no a p p r e c i a b l e  change i n  t h e  scale  

h e i g h t ,  implying t h e  absence  of marked h e a t i n g  effects  

a t  t h a t  t i m e ,  

I 

During t h e  main phase  of t h e  storm, t h e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  i n  t h e  t o p s i d e  i o n o s p h e r e ,  both i n  t h e  morning 

and evening q u a d r a n t s  shows no marked change i n  scale h e i g h t  

w i t h  a l t i t u d e ,  i n d i c a t i n g  t h a t  O+ is t h e  dominant i o n i c  

c o n s t i t u e n t  b u t  t h a t  t h e  plasma t e m p e r a t u r e  is h i g h e r .  I n  

t h e  morning q u a d r a n t ,  t h e  e l e c t r o n  d e n s i t y  e x h i b i t s  a 

decrease a t  t h e  hmF2 l e v e l  and an  i n c r e a s e  a t  h ighe r  a l t i t u d e s .  

I n  t h e  evening  q u a d r a n t ,  t h e  enhancement of i o n i z a t i o n  is 

I 

I 

I even more pronounced and e x t e n d s  f r o m  t h e  hmF2 l e v e l  t o  

h i g h e r  a l t i t u d e s .  T h i s  marked d i f f e r e n c e  between t h e  morning 

and evening  q u a d r a n t s  i n  t h e  b e h a v i o r  of t h e  t o p s i d e  

ionosphe re  ( f r o m  hmF2 t o  h i g h e r  a l t i t u d e s )  d u r i n g  t h e  e a r l y  

s t a g e s  of t h e  main phase of t h e  magnet ic  s to rm r e p r e s e n t s  
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a s t r o n g  local-time depenaent  v a r i a t i o n .  Such, local-time 

dependent  a s y m m e t r y  h a s  been observed  i n  t h e  foF2 v a r i a t i o n s  

f r o m  ground-based ionosonde s t u d i e s  a t  h igh  l a t i t u d e s  

(Obayashi ,  1964) .  

i s  g e n e r a l l y  a t t r i b u t e d  t o  e l e c t r o m a g n e t i c  d r i f t s  due t o  

t h e  i o n o s p h e r i c  c u r r e n t s  p r e s e n t  d u r i n g  t h e  storm main phase .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a p o l a r  subs torm w a s  i n  

p r o g r e s s  d u r i n g  t h e  asymmetric main phase of t h e  s to rm under  

c o n s i d e r a t i o n .  During these t i m e s  there  w i l l  be s t r o n g  

i o n o s p h e r i c  c u r r e n t s  f lowing  i n  and around t h e  midnight  

q u a d r a n t .  I t  is l i k e l y  t h a t  t h e  local-time dependent  

b e h a v i o r  of t h e  t o p s i d e  ionosphere  d u r i n g  t h e  asymmetric 

main phase is a s s o c i a t e d  w i t h  t h e  i o n o s p h e r i c  c u r r e n t s  

f lowing  a t  t h a t  t i m e .  S a t e l l i t e  d r a g  o b s e r v a t i o n s  show an  

i n c r e a s e  i n  t h e  n e u t r a l  t empera tu re  d u r i n g  magnet ic  s t o r m s  

( J a c c h i a  and Slowey, 1964) ,  T h i s  s tormt ime h e a t i n g  c o u l d  

a l so  affect  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  I n  f a c t ,  

t h e  changes i n  t o p s i d e  e l e c t r o n  d e n s i t y  obse rved  i n  t h e  

morning quadran t  resemble t h o s e  o b t a i n e d  b y  Thomas (1966) 

f r o m  a theore t ica l  a n a l y s i s  of t h e  effect  of t empera tu re  

changes on e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s .  

T h i s  asymmetry i n  t h e  foF2 b e h a v i o r  

During t h e  recovery  phase of t h e  storm when t h e  r i n g  

c u r r e n t  has  become s y m m e t r i c ,  t h e  e n t i r e  t o p s i d e  ionosphe re  

is b e i n g  d e p l e t e d ,  From an a n a l y s i s  of scale h e i g h t s ,  it 

is i n f e r r e d  t h a t  t h e  mean i o n i c  m a s s  is h igher  t h a n  on t h e  

q u i e t  d a y ,  i n d i c a t i n g  t h a t  t h e  l i g h t e r  i o n s  (p ro tons )  are 

l a r g e l y  dep le t ed .  
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An o r d e r  of magnitude es t imate  of t h e  upward f l u x  F 

.H) a s s o c i a t e d  w i t h  t h e  d e p l e t i o n  of i o n i z a t i o n  i n  AN (F- - a t  
7 -2 -1 t h e  t o p s i d e  ionosphe re  g i v e s  a v a l u e  of about  10  c m  sec 

T h i s  v a l u e  approaches  t h e  estimate f o r  t h e  l i m i t i n g  upward 

f l u x  of p ro tons ,  which c a n  be suppor t ed  b y  t h e  a v a i l a b l e  

supply  of n e u t r a l  hydrogen ( G e i s l e r ,  1967) .  Thus,  t h e  ob- 

s e r v e d  s t o r m t i m e  d e p l e t i o n  of p r o t o n s  i n  t h e  t o p s i d e  i o n o s p h e r e  

a p p e a r s  t o  be  c o n s i s t e n t  w i t h  upward f l u x e s  close t o  t h e  

l i m i t i n g  f l u x .  During t h e  storm main and r ecove ry  phase ,  

t h e  i n n e r  magnetosphere is i n f l a t e d ,  r e s u l t i n g  i n  t h e  

expans ion  of f i e l d  t u b e s  around t h e  e q u a t o r i a l  p l a n e .  For 

a main phase decrease of - 150y r e p r e s e n t a t i v e  of t h i s  s t o r m  

t h e  f i e l d  l i n e  a t  L = 3 is est imated t o  be d i s p l a c e d  b y  a b o u t  

0.3R 

p r i v a t e  communication) T h i s  expans ion  of t h e  f i e l d  t u b e s  

would lead t o  a r e d u c t i o n  i n  t h e  local  d e n s i t y  of t h e r m a l  

plasma a t  t h o s e  L v a l u e s .  T h i s  r e d u c t i o n  c o u l d  c a u s e  an  i n -  

and a t  L = 4 ,  t h e  d i sp l acemen t  is abou t  l R e  (Davis ,  e 

creased upward f l u x  i n  t h e  t o p s i d e  ionosphe re  a l o n g  t h e  

c o n n e c t i n g  f i e l d  t u b e s ,  wh ich  i n  t u r n  r e s u l t s  i n  a r e d u c t i o n  

of i o n o s p h e r i c  e l e c t r o n  d e n s i t i e s .  Assuming t h a t  t h e  

expans ion  of f i e l d  t u b e s  has  t a k e n  p l a c e  d u r i n g  t h e  t i m e  

of development of t h e  main phase  of t h e  storm (- 3 h r s ) ,  t h e  

upward f l u x  f rom t h e  t o p s i d e  ionosphe re  t h a t  c o u l d  be caused  

by t h e  expansion of f i e l d  t u b e s  is estimated be a b o u t  
6 -2 -1 4x10 c m  sec 
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There  cou ld  a l so  be a p o s s i b l e  s i n k  o f  t he rma l  plasma 

i n  t h e  magnetosphere a t  L = 3 to 5 ,  i f  a f r a c t i o n  of the rma l  

plasma is l o c a l l y  e n e r g i z e d  i n  t h e  magnetosphere t o  c o n t r i b u t e  

t o  t h e  r i n g  c u r r e n t  plasma. Because of its connec t ion  t o  t h e  

ionosphe re  t h i s  s i n k  would a l s o  c a u s e  a n  upward f l u x  of 

i o n o s p h e r i c  plasma t o  r e p l e n i s h  t h e  l o s s  of thermal  p a r t i c l e s  

i n  t h e  magnetosphere,  l e a d i n g  t o  a d e p l e t i o n  of i o n o s p h e r i c  

e l e c t r o n  d e n s i t y .  Assuming aga in  t h a t  t h e  local e n e r g i z a t i o n  

of t h e  t h e r m a l  plasma i n  t h e  magnetosphere takes p l a c e  d u r i n g  

t h e  t i m e  of development of t h e  s t o r m  main phase  (- 3 h r s )  and 

from t h e  estimates of energy  and energy d e n s i t y  of t h e  r i n g  

c u r r e n t  p a r t i c l e s  ( C a h i l l ,  1966) ,  t h e  upward f l u x  from t h e  

t o p s i d e  ionosphere  r e q u i r e d  to r e p l e n i s h  t h e  d e p l e t e d  thermal 

plasma i n  t h e  magnetosphere is est imated t o  be abou t  106cm-2sec-1. 

From t h e  above d i s c u s s i o n ,  it is e v i d e n t  t h a t  t h e  n a t u r e  

of t h e  magnet ic  storm effects on t h e  t o p s i d e  ionosphe re  

s t r o n g l y  depend on t h e  phase of t h e  magnet ic  s t o r m .  In- 

creases o r  decreases i n  e l e c t r o n  d e n s i t y  o c c u r  depending 

upon t h e  phase of t h e  s to rm.  I t  a p p e a r s  t h a t  there is a 

close a s s o c i a t i o n  between ionosphe r i c  and magntospher ic  

changes  d u r i n g  a magnet ic  s torm,  e s p e c i a l l y  d u r i n g  t h e  development 

and  decay of t h e  magnetospheric  r i n g  c u r r e n t  plasma. T h i s  fac t  

p o i n t s  o u t  t h e  importancc of s t u d y i n g  the de ta i l ed  t i m e  h i s t o r y  

of m a g n e t i c  s t o r m  effects in thc t o p s i d e  ionosphe re .  S t a t i s t i c a l  
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s t u d i e s  of s to rm e f fec ts  on t h e  t o p s i d e  ionosphe re  u s i n g  

i n d i c e s  l i k e  K a l o n e  may no t  lead t o  ve ry  meaningfu l  

r e s u l t s  because of t h e  s t r o n g  dependence of t o p s i d e  

ionosphere  behav io r  on t h e  phase of t h e  s t o r m .  

P 
I 

We hope t h a t  i n  t h e  f u t u r e ,  it may become p o s s i b l e  

t o  s t u d y  t h e  c o n c u r r e n t  behav io r  of t h e  i o n o s p h e r i c  and 

magnetospheric  t he rma l  plasma, t h e  r i n g  c u r r e n t  plasma,  

a s  w e l l  as magnet ic  v a r i a t i o n s  and p o s s i b l y  e lectr ic  f i e l d s  

on board of s p a c e c r a f t .  Such s imul t aneous  o b s e r v a t i o n s  

shou ld  h e l p  t o  shed more l i g h t  on t h e  p h y s i c a l  p r o c e s s e s  

r e s p o n s i b l e  fo r  t h e  observed  magnet ic  s to rm b e h a v i o r .  
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FIGURE CAPTIONS 

- P e r c e n t a g e  change i n  NmF2 as  a f u n c t i o n  of L a t  

d i f f e r e n t  Un ive r sa l  Times. 

- P e r c e n t a g e  change i n  NmF2 from 16 A p r i l  1965 a t  

F o r t  B e l v o i r  (L - 2.6)  and magnetogram H t race 

a t  Honolulu as  f u n c t i o n s  of U n i v e r s a l  Time. 

- Cons tan t  a l t i t u d e  e l e c t r o n  d e n s i t y  c o n t o u r s  on 

1 6 ,  17  and 18 A p r i l  as  f u n c t i o n s  of L. 

- Vertical  p r o f i l e s  of e l e c t r o n  d e n s i t y  on 1 6  A p r i l  

( c o n t r o l  day)  and 18 (s torm day)  a t  L = 3 . 4 .  

- Cons tan t  a l t i t u d e  e l e c t r o n  d e n s i t y  c o n t o u r s  on 

14 and 18 A p r i l  a s  f u n c t i o n s  of L. 

- Vertical p r o f i l e s  of e l e c t r o n  d e n s i t y  on 1 4  

A p r i l  ( c o n t r o l  day) and 18 (s torm d a y ) ,  

- Cons tan t  a l t i t u d e  e l e c t r o n  d e n s i t y  c o n t o u r s  on 

17 ,  18 and 25 Apr i l  ( c o n t r o l  day)  as f u n c t i o n s  

of L. 

- Vertical  p r o f i l e s  of  e l e c t r o n  d e n s i t y  on 18 A p r i l  

( s torm day)  and 25 ( c o n t r o l  d a y ) .  

( a t  800 km and 800’H500 - R a t i o  of  scale h e i g h t s  H 

500 km) as  a f u n c t i o n  of L. 

- Behavior  of t o p s i d e  ionosphe re  d u r i n g  t h e  17-19 

A p r i l  1965 storm d u r i n g  d i f f e r e n t  phases  of  t h e  

s to rm,  The Honolulu magnetogram H trace is a l so  

shown t o  i l l u s t r a t e  d i f f e r e n t  phases  of t h e  s to rm.  
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